Comprehensive characterization of defects formed in bulk ZnO single crystals co-implanted with N and Zn as well as N and O atoms is performed by means of optically detected magnetic resonance (ODMR) complemented by Raman and photoluminescence (PL) spectroscopies. It is shown that in addition to intrinsic defects such as Zn vacancies and Zn interstitials, several N-related defects are formed in the implanted ZnO. The prevailed configuration of the defects is found to depend on the choices of the co-implants and also the chosen annealing ambient. Specifically, co-implantation with O leads to the formation of (i) defects responsible for local vibrational modes at 277, 511, and 581 cm À1 ; (ii) a N-related acceptor with the binding energy of 160 6 40 meV that is involved in the donor-acceptor pair emission at 3.23 eV; and (iii) a deep donor and a deep N O acceptor revealed from ODMR. Activation of the latter defects is found to require post-implantation annealing in nitrogen ambient. None of these defects are detected when N is co-implanted with Zn. Under these conditions, the dominant N-induced defects include a deep center responsible for the 3.3128 eV PL line, as well as an acceptor center of unknown origin revealed by ODMR. Formation mechanisms of the studied defects and their role in carrier recombination are discussed. V C 2013 American Institute of Physics. [http://dx
I. INTRODUCTION
ZnO is a wide band gap semiconductor that crystallizes in the wurtzite structure and has a direct band gap of $3.3 eV at room temperature and a large exciton binding energy of 60 meV. Based on these properties, ZnO is currently considered as a promising candidate for applications in a wide variety of electronic and optoelectronic devices, such as UV light emitters and solar cells.
1-3 ZnO can also be used in gas sensors and may become a potential material for semiconductor spintronics as it exhibits room temperature ferromagnetism when appropriately doped. 4 In order to realize the full potential of ZnO in device applications it is necessary to control its electrical conductivity, i.e., to fabricate n-type and p-type conductive material. N-type doping in ZnO can be easily achieved via doping with Ga, Al, In, H, Cl, F, or I impurities that substitute their respective cation or anion host atoms and act as shallow donors. However, achieving reliable and reproducible p-type conductivity remains a great challenge since ZnO shows an asymmetry in dopability typical for the majority of wide band gap semiconductors. 5 Nitrogen is considered as the most promising candidate as a p-type dopant in ZnO since it acts as a shallow acceptor in other II-VI compounds 6 and was also thought to be the most suitable anion-site acceptor in ZnO in view of both atomic-size and electronic-structure considerations. 7 Several groups have indeed reported successful p-type doping of ZnO with nitrogen, [8] [9] [10] [11] [12] yet such p-type conductivity often degraded in a period of several days. 11 Also, although N incorporation has been found to cause formation of a relatively shallow acceptor with a binding energy of around 170 meV, based on the observation of the related donor-acceptor-pair (DAP) emission, [13] [14] [15] the doped materials often remained semiinsulating or n-type conducting. Now the question arises why no reliable p-type doping can be achieved even when a high amount of N is provided during growth. Several effects can, in principle, contribute to this problem. First of all, N incorporation may be affected by polarity of ZnO as pointed out by Lautenschl€ ager et al. 16 Second, even when N is incorporated in ZnO its efficiency as an acceptor is expected to largely depend on local surrounding and the presence of other impurities. For example, nitrogen substituting for oxygen, N O , is a deep acceptor [17] [18] [19] [20] with an energy level of E v þ (1.6-1.7) eV. 20 On the other hand, the acceptor ionization energy is predicted to be significantly reduced if Moreover, the electrical activity of N can be largely affected by the presence of various intrinsic defects which can act as efficient compensating centers 23, 24 and also facilitate formation of various N-related complexes.
In order to address the last issue it is essential to simultaneously control N incorporation and defect formation in ZnO. This can be achieved by using, e.g., ion implantation as this technique not only provides the possibility to incorporate a controllable amount of dopants (by choosing an implantation dose) but also to maximize formation of certain intrinsic defects (by co-implantation with O or Zn). It is also critical to employ characterization techniques capable of providing information on the origin of the formed defects.
A powerful tool to investigate chemical identity and local structural properties of defects in semiconductors is magnetic resonance (MR) spectroscopy. In ZnO, this technique has provided MR signatures and, in certain cases, also energy level positions of common intrinsic defects, such as zinc and oxygen vacancies, zinc interstitials (Zn i ), and common residual contaminants including Li, Na, H, Al, Ga, etc. (see, e.g., Ref. 25 for an overview). Traditional MR methods such as electron paramagnetic resonance (EPR), however, face several difficulties when defect characterization should be performed only within a limited volume of the structure such as an implanted region. The most severe problem is that EPR is a volume-sensitive method that will probe all defects present in the structure. Even in the case when the defects solely exist within the implanted region, the low total number of defects could fall below the EPR detection limit if the implanted volume is small. This problem can be overcome by the optically detected magnetic resonance (ODMR) technique, as it combines chemical sensitivity of magnetic resonance with high sensitivity of optical method. Moreover, ODMR signals can be detected via light emissions specific for the region of interest providing information on its defect properties, as has been recently demonstrated for ZnO epilayers, 26, 27 as well as P-implanted ZnO. 28 In this work we employ this technique complemented by photoluminescence (PL) and Raman measurements to perform comprehensive characterizations of defects formed in bulk ZnO single crystals co-implanted with N and Zn as well as N and O atoms.
II. EXPERIMENTAL DETAILS
We have investigated the (0001)-oriented nominally undoped ZnO bulk single crystals from Cermet Inc. One of the samples was left untreated for a comparison. The other samples were co-implanted at 300 K either with N þ and Zn ) were used. The distribution of the implanted nitrogen atoms calculated by using the stopping and range of ions in matter (SRIM) code is shown in Figure 1 . Doses and energies for the zinc and oxygen coimplantations were chosen in a way to overlap with the distribution of the nitrogen atoms. The total thickness of the implanted layers was about 500 nm. After implantation the samples were annealed by rapid thermal annealing (RTA) at 800 C for 2 min under a flowing O 2 or N 2 ambient. In previous experiments this annealing temperature has been found to provide optimal conditions for removing implantation damage while avoiding preferential loss of oxygen from the ZnO surface. 14, 28 During annealing, the implanted samples were placed face down on sacrificial ZnO crystals in order to minimize surface degradation.
Raman measurements were carried out with a Horiba LabRam HR 800 spectrometer at room temperature (RT) using the 532 nm line of a Nd:YAG laser as an excitation source. Photoluminescence was excited by using the 351 nm line of an Ar þ ion laser. The PL signals were spectrally dispersed by a grating monochromator and detected at 5 K by a charge-coupled-device (CCD) camera or a germanium detector, depending on monitored spectral ranges. ODMR measurements were performed at 3 K with a microwave (MW) frequency of 9.21 GHz (X-band) and a MW power adjustable between 1 and 200 mW. The ODMR signals were measured as MW-induced changes of the PL intensity by a Si detector in the visible region and were detected by a Ge detector in the near-infrared region. Spectral dependences of the ODMR signals were obtained by selecting desired spectral windows for the PL detection with the aid of appropriate optical filters. Angular dependent ODMR measurements were performed by varying an angle h between the direction of an applied magnetic field B and the direction of the crystallographic c-axis of the ZnO crystals.
III. RESULTS AND DISCUSSION
A. Raman spectroscopy Figure 2 shows Raman spectra of the investigated untreated and implanted samples obtained under the 532 nm excitation. The spectra are dominated by the well-known non-polar E Our results are consistent with the idea that the formation of defects responsible for LVM1-LVM3 modes is facilitated by the N presence. However, they also clearly demonstrate that the defect formation critically depends on overall defect environment that is modified by the presence of co-implanted atoms. Surprisingly, the LVM modes were not detected after co-implantation with zinc (see Fig. 2 ), i.e., under favorable conditions for the formation of Zn i as confirmed from the performed ODMR measurements (to be discussed below). On the other hand, the presence of excess oxygen seems to play a crucial role implying that either the defect formation is enhanced by O implantation or the O atom is a part of the defect complex(es) responsible for the LVM1-LVM3 modes. Further studies on O isotopesenriched ZnO are required to clarify this issue.
B. Photoluminescence
Figure 3 presents an overview of PL spectra measured within the near-band-edge (NBE) spectral region before and after the ion implantation. The PL spectrum of the untreated sample is typical for undoped ZnO and contains I 4 , I 6 , I 7 , and I 9 lines due to recombination of donor bound excitons (DX), 33 as well as free exciton (FX) emission. On the low energy side of the spectrum, two electron satellite (TES) transitions of the DXs are observed. These PL transitions are followed by their longitudinal optical (LO) phonon replica labeled as DX-1LO, DX-2LO, and TES-1LO. At 3.333 eV one can also observe the Y 0 line, which was assigned to excitons bound to extended structural defects by Wagner et al. 34 Ion implantation and subsequent annealing (to be referred to as treatment) have several effects on the NBE PL spectra. First of all, intensities of all aforementioned emissions are substantially (by about 600 time) quenched after the treatment which can be attributed to formation of defects that act as competing recombination centers. One also notices that the I 4 line can no longer be detected in the treated samples. Even though this could be due to annealinginduced out-diffusion of hydrogen, which is known to be stable in ZnO only under thermal annealing at temperatures below 500 C, 33,35-37 we have not observed the complete quenching of this emission in the P-implanted samples annealed under the same conditions. 28 This may indicate that in the N-implanted ZnO hydrogen is partly consumed by forming complexes with N atoms. 22, 38, 39 Second, the PL spectra of the treated samples contain additional sharp PL lines at 3.3128 and 3.2405 eV labeled as NA and NA-LO in Fig. 3 . These lines have been previously observed 8, 12, 40, 41 in N-doped ZnO and were attributed to nophonon and LO-assisted radiative transitions which involve a deep N acceptor. The exact origin of the responsible recombination process remains, however, highly controversial as the emission has been assigned to recombination of excitons bound to a neutral acceptor (A 0 X) 8, 42 and also to free electron to acceptor (FA) transitions. 43 The former model seems to be more likely, judging from a relatively narrow ($5 meV) line width of the NA line. Assuming that the Hayne's rule is applicable to A 0 X transitions, Look et al. 8 have placed an energy level of the involved acceptor as being E v þ 240 meV. This value is too small to be related to the substitutional N O acceptor. Therefore, the involved defect is most likely a complex that contains an N atom. From Fig. 3 , the intensity of the NA lines is the highest in the ZnO co-implanted with N and Zn and annealed in oxygen ambient (denoted as ZnO:(N,Zn)þO 2 ) but is the lowest when the annealing is performed in nitrogen ambient (denoted as ZnO:(N,Zn)þN 2 ). This may suggest that the defect formation is favored under Zn-rich conditions but is suppressed by oxygen deficiency. The samples co-implanted with N and O exhibit an additional broad PL band which is centered at around 3.23 eV and is accompanied by LO-assisted transitions. This emission was observed earlier by several groups and was assigned to DAP transitions related to a nitrogen acceptor. 9, 13, 14, 44 The acceptor ionization energy was estimated as being 160 6 40 meV (Ref. 9) under the assumption that the donor participating in the DAP transitions is a shallow donor with the ionization energy of 52 meV. This value again indicates that the involved N-related acceptor is likely a complex defect. From Fig. 3 the defect formation is enhanced in the O-rich environment. The presented results of PL measurements clearly show that several N-related acceptors can be formed in ZnO, and their local configuration largely depends on other defects present in the material.
In addition to changes in the NBE emission, N implantation and subsequent annealing also cause modifications of the PL spectra within the visible and near-infrared spectral ranges as shown in Figures 4(a) and 4(b) , respectively. In the case of the untreated sample, the PL spectrum contains a broad PL band ranging from 1.6 to 2.5 eV that consists of several overlapping emissions with peak positions at around 1.75, 1.95, 2.15, and 2.4 eV. After implantation and subsequent annealing the PL band centered at 2.4 eV is quenched in all cases whereas the intensities of other PL bands depend strongly on the conditions of the treatments. For example the PL band peaking around 1.75 eV is present in all implanted samples but is more intense in the samples annealed in O 2 ambient which was also observed in Refs. 28 and 45 for P implanted ZnO. The emissions with energies higher than 2.1 eV are suppressed in the samples co-implanted with O, ZnO: (N,O) . This is not surprising since these PL bands are often associated with defects related to oxygen deficiency that can be reduced by co-implantation with oxygen. From  Fig. 4(b) , co-implantation with N and O also leads to the appearance of a broad infrared PL band centered at 1.17 eV. The observed changes in the PL spectra imply significant modifications in the defect properties of the investigated samples upon implantation and annealing.
C. ODMR
Defect signatures
To further understand the effects of N and O as well as N and Zn implantation on the defect formation in ZnO we have conducted ODMR measurements. With this technique it is possible to trace various paramagnetic defects that are active in recombination processes since each defect in most cases possesses a unique set of Spin-Hamiltonian parameters, which could be used for its identification. In order to analyze the ODMR results the data were fitted with the help of Easyspin using the following Spin-Hamiltonian:
Here the first term denotes the electronic Zeeman energy, l B denotes the Bohr magneton, B the external magnetic field, S the electron spin, and g the electron g-tensor. The second term describes the hyperfine interaction involving nuclear spin I, quantified by the hyperfine tensor A. The third term accounts for a quadrupole interaction Q arising for nuclei with spin I > 1 = 2 from the interaction with an electric field gradient at the site of the nucleus. The last term in Eq. (1) is the nuclear Zeeman energy. The spin-Hamiltonian parameters of all ODMR signals discussed below are summarized in Table I . The defect formation was found to substantially depend on conditions of the treatment as will be discussed in detail hereafter.
a. Co-implantation with nitrogen and oxygen, ZnO:(N,O). Figure 5 shows representative ODMR spectra from the ZnO:(N,O) samples together with a spectrum of the untreated reference ZnO crystal. All spectra were obtained by monitoring the defect related broad PL bands in the visible spectral range (see Fig. 4(a) ) as intensities of the Ninduced emissions within the NBE spectral range were too low to allow ODMR measurements. The ODMR spectrum of the reference crystal is depicted by the lowest curve in Fig. 5 and contains several signals which can be identified based on the determined spin-Hamiltonian parameters. The signal located on the high-field side of the spectrum can be ascribed À acceptor (V Zn /EM) with S ¼ 1 is seen in the center of the spectrum. 47 Such spin-triplet systems which consist of an exchange coupled pair of a donor (D) and an acceptor (A) are quite common in ZnO (Refs. 28, 47, and 48), and the corresponding g-value can be estimated by g $ ½gðDÞ þ gðAÞ=2 : In previous works it was shown that these centers often contain relatively distant D-A pairs as the related ODMR signals could be suppressed at high MW modulation frequencies due to a slow recombination rate of these distant pairs. 47 This is, however, not the case for the V Zn /EM spin triplet center observed here since intensity of the central peak was not quenched even at MW modulation frequencies of about 10 kHz. This leads to the suggestion that the partners of the complex are located in close proximity to each other. All these signals can also be detected via the near-IR emission, consistent with earlier studies. 28 The same V Zn À , V Zn /EM, and EM defects are also formed in ZnO:(N,O)þO 2 (see Fig. 5 ). This is probably not surprising since zinc vacancies are among the primary intrinsic defects that can be created by ion bombardment. Moreover, they exhibit the highest thermal stability among all intrinsic defects 48 and are also favored from thermodynamics considerations under oxygen-rich conditions. This should be the case when the excess oxygen was incorporated via co-implantation, and post-implantation annealing was performed in oxygen ambient.
The situation, however, changes drastically when coimplantation with N and O was followed by annealing in N 2 ambient. None of the aforementioned signals are any longer pronounced in the spectra. They are replaced by a broad ODMR signal that is centered at around 331. 4 mT. An angular dependence of this signal, which is labeled as D2 in Fig. 5 , is shown in Figure 6 . It can be best simulated assuming an axial center with S ¼ 1 = 2 and the electron g-values of g k ¼ 1.973 and g ? ¼ 1.977. The simulated angular dependence of D2 as well as the traces of the EM donor are indicated in Fig. 6 by the vertical lines. Judging from the deduced g-values, the D2 signal is most likely related to a deep donor. A possible candidate is an N Zn donor that is favorably formed under O-rich conditions. 49 The formation of this defect can then also explain the observed reduction of the V Zn À signal. The D2 signal can also be detected by monitoring the near-IR emission (see Figure 7) where the corresponding ODMR spectra of ZnO:(N,O)þN 2 are shown. In this spectral range, however, an additional signal labeled as N O in Fig. 7 is observed. In order to study the origin of the corresponding defect in more detail we performed ODMR measurements for several orientations of a static applied magnetic field B relative to the c-axis (see Figures 7(a)-7(c) ) for h equals to 90 , 70 , and 40 , respectively. It is found that the N O signal is strongly anisotropic, and its angular behavior can be simulated assuming that it is related to a nitrogen acceptor substituting oxygen (N O ). 20, 50 In Fig. 7 , the simulations of the complete spectra, which were performed assuming involve Representative ODMR spectra measured at 3 K and 9.214 GHz from ZnO:(N,O) after annealing in N or O ambient. For comparison, also shown is the ODMR spectrum from the untreated reference ZnO. The spectra were obtained by detecting the defect-related emissions within the visible spectral range shown in Fig. 4(a) .
from the ZnO:(N,Zn) samples measured under different orientations of an applied static magnetic field B relative to the c-axis. All spectra were obtained by monitoring the defectrelated broad PL bands in the visible spectral range (see Fig. 4(a) ). The spectra measured from ZnO:(N,Zn)þO 2 and ZnO:(N,Zn)þN 2 are shown by the solid lines (red online) and dots (green online), respectively. The latter is only shown for B||c as the detected signals have similar angular dependences in both materials but are stronger in ZnO:(N,Zn)þO 2 . A careful analysis of the measured angular dependences by using the spin-Hamiltonian (Eq. (1)) reveals that the measured spectra contain contributions from several defects as will be specified below. At the low-field side of the spectra, V Zn still dominates but is no longer the only acceptor-type defect. This is more apparent from Figure 9 where field positions of the corresponding signals are summarized. Additional ODMR signals, depicted by open symbols (red online) in Fig. 9 , can be clearly resolved when the direction of B is turned off the c-axis. Unfortunately, determination of the corresponding spin-Hamiltonian parameters is hampered by week intensities and a strong overlap of these signals with V Zn À . Judging from their field positions, these additional signals originate from a non-axial center acting as an acceptor. Most likely, it is related to a complex defect that involves N (and possibly Zn) as this paramagnetic center was so far not reported in ZnO. Furthermore, the EM donor can no longer alone explain the shallow donor signals around g ¼ 1.96 as shown in Fig. 8 . The second signal that is seen as a low-field shoulder of the EM signal can be assigned to zinc interstitials (Zn i ). The formation of Zn i can be understood as a result of the coimplantation with zinc that leads to a high amount of offstoichiometric zinc in the sample. Due to the change in the acceptor type defects, the exchange-coupled defects of V Zn and EM or Zn i cannot fully account for the broad ODMR signal around g ¼ 1.98 as the change of the acceptor g-value affects the g-value of the related pair defects. Fig. 4(a) . The vertical lines indicate the angular dependences of D2 and the EM donor.
Role of the defects in radiative recombination
All detected ODMR signals have a positive sign, which means that intensities of the monitored PL emissions are enhanced as a result of microwave induced transitions between spin-split sublevels of the defect centers. This often indicates direct involvement of the defect in the monitored recombination process and, therefore, allows one to single out PL emissions related to specific defects based on spectral dependences of the ODMR signals. Previous studies of electron-irradiated, 47, 51 as-grown 48, 52, 53 as well as P-implanted ZnO (Ref. 28) have unambiguously established that the V Zn À and EM defects participate in the spin-dependent radiative recombination process associated with the "red" PL band, which is centered at around 1.6 eV and has a zero phonon line at 2.4 eV. The same conclusion is also valid for the studied ZnO:(N,Zn) and ZnO:(N,O)þO 2 .
The N O signal, on the other hand, is detected via the IR emission with photon energies below 1.5 eV although a detailed spectral dependence of this signal cannot be measured in this study, unfortunately, due to a very low signal intensity. The N O center is known to be a deep acceptor with an energy level position of E v þ 1.6 eV (Refs. 19, 20, and 54). The spin-dependent process that is observed by ODMR is likely the capture of an electron by N O 0 , i.e.,
if the D2 donor is also involved. The PL process can then be attributed to the capture of a hole by N O À , which together with the spin-dependent process (2) or (3) completes an excitation-recombination cycle. We note, though, that this PL process is not responsible for the 1.17 eV PL band detected in ZnO:(N,O) (see Fig. 4(b) ). This is because this PL band is observed in both ZnO:(N,O)þO 2 and ZnO:(N,O)þN 2 samples whereas the N O ODMR signal is only detected in ZnO:(N,O)þN 2 .
IV. SUMMARY
The presented results clearly show that a number of N-related defects can be formed in ZnO and that the prevailed defect configuration may be altered by co-implantation and also by a choice of annealing ambient. Specifically, co-implantation with oxygen leads to the formation of several N-related defects that can be detected by the Raman, PL and, ODMR techniques: (i) From the Raman measurements, it is found that the presence of N leads to the appearance of three local vibrational modes at 277 cm
À1
, 511 cm
, and 581 cm À1 . Although this effect is well documented in the literature, 14 ,29-31 the present work shows that the formation of the involved defects is largely enhanced by co-implantation with O (see Fig. 2 ). Such behavior is consistent with the suggested origin of the 511 cm it may be unexpected for the 277 cm À1 mode as it was assigned by Friedrich et al. 31 to the Zn i -N O complex. (ii) From PL, co-implantation with N and O provides favorable conditions for the formation of a N-related acceptor with the binding energy of 160 6 40 meV that is responsible for the DAP emission at 3.23 eV (Fig. 3(a) ). This binding energy is very close to the calculated energy level of the N Zn -2V Zn complex, 49 which is expected to be formed under Zn-deficiency. (iii) From ODMR, such treatment causes the formation of a new deep donor (labeled as D2) and a deep N O acceptor (with the energy level of E v þ 1.6 eV) that participates in the near-IR emission. We note that activation of these defects requires the post-implantation annealing in N 2 ambient (see Figs. 4-6 ).
None of these defects are detected, however, when coimplantation is performed with Zn instead of O. Here, the dominant N-induced defects include a deep center responsible for the 3.3128 eV PL line (denoted as NA in Fig. 3(a) ), as well as an acceptor center of unknown origin detected via ODMR (see Figs. 8 and 9 ). Both defects are present in higher concentrations after post-implantation annealing in O 2 ambient.
At the first glance, some of the aforementioned findings seem to be rather surprising and even puzzling as they imply that the formation of acceptors that were previously attributed to N O (or related complexes) can be facilitated by coimplantation with oxygen. This is in spite of the fact that such co-implantation creates the oxygen-rich environment and that O and N atoms compete for the same lattice sites. Moreover, formation energies of N-related acceptors (both isolated N O a as well as related complexes) are theoretically predicted 19, 49 to be lower in n-type ZnO. Therefore one expects that co-doping with shallow donors should facilitate the N-incorporation. Such conditions are more likely in Znrich ZnO as Zn i and V O , which have low formation energies under these conditions, behave as shallow donors.
Assuming that the previous assignments are correct, a possible explanation for this unexpected behavior could be as follows. First of all, the defect formation energies have been calculated based on thermodynamic considerations which may not be fully applicable when doping is accomplished via ion implantation. Instead, one may also consider probabilities of bombardment-induced kick-off processes in O and Zn sub-lattices by light and heavy atoms, such as O and Zn, respectively. The maximum energy which can be transferred during the head-on collision from a moving ion to a lattice atom depends on their mass difference. Therefore, the maximum energy which can be transferred from an impinging O þ ion to a O lattice atom is about 6 time higher than that to a Zn lattice atom whereas the reverse is true for a Zn þ ion. Although the Rutherford cross-section is larger for heavier atoms, one may still expect relatively higher damage in the oxygen sublattice under coimplantation with O þ . This would create oxygen vacancies (V O ) and, therefore, provide favorable conditions for the formation of N O and related complexes if probability of trapping of nitrogen by V O is at least comparable to that for O. Such process should be further facilitated when the access oxygen atoms supplied via implantation out-diffuse from the crystal, e.g., under annealing in nitrogen ambient, consistent with our ODMR data for ZnO:(N,O)þN 2 . If the proposed scenario is true, co-implantation with light or heavy atoms may provide a useful approach to facilitate formation of N acceptors in configurations that are desirable for inducing p-type conduction of the material.
